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Abstract 
In this paper, the results regarding the optimization of the die-sinking EDM-technology for the fabrication of turbine components 
are presented. The main objective of this work was the reduction of machining time while producing cavities with a depth of 11 mm 
in the alloy MAR-M247, with respect to the requirements for surface roughness and sub-surface damage. The study was conducted 
using graphite electrodes of three different dimensions, totalizing 12 electrodes and a total electrode area of 89.50 mm2. The 
machine tool GENIUS 1000 THE CUBE was used in the experiments and IonoPlus IME-MH was used as dielectric fluid. The 
Design of Experiments Methods (DoE) were applied in the planning and execution of all experiments. Firstly, experiments were 
conducted to estimate the maximal discharge current that can be applied for fulfilling the quality criteria regarding both surface 
roughness and thickness of affected sub-surface, since discharge current is known as the main influencing process parameter 
affecting both factors. In the second stage, the process was optimized by varying following electrical parameters of the machine 
tool: discharge current (ie), discharge duration (ti), pause duration (t0), ignition voltage (V) and duty factor (τ). Finally, both process 
parameters as well as machine tool’s control parameters were adjusted to achieve optimized results regarding the total machining 
time and electrode wear with respect to the surface requirements of produced parts. A total machining time reduction of more than 
50 % in comparison to the technology currently employed by the industry was achieved. Requirements on both arithmetical surface 
roughness as well as affected sub-surface thickness could be fulfilled. This robust technology was developed for producing the 
cavities in MAR-M247 and all applied methods, studied parameters as well as the results regarding machining time, electrode wear 
and the quality of the achieved work piece are presented. 
 
© 2013 The Authors. Published by Elsevier B.V. Selection and/or peer-review under responsibility of  Professor Bert Lauwers  
Keywords: die-sinking EDM; high aspect ratio cavities; high temperature resistant materials; turbine components
1. Introduction 
The jet-engine industry is nowadays demanded on 
increasing the competitiveness in manufacturing and 
repair costs as well as reliability of components, on 
reducing the fuel consumption of engines and on 
reducing fuel consumption. These requirements push the 
following development of new manufacturing processes 
and the increase of requirements on components: 
application of new engineering materials, higher 
component temperatures, increased demands on 
tightness, 3-D complex shapes as well as new 
manufacturing technologies [1,2]. In order to guarantee 
the high pressure at the high and low pressure turbines as 
well as at turbine center frames, seal slots in turbine 
components become necessary. These consist of high 
aspect ratio cavities in structural components made of 
high temperature resistant materials, e. g. MAR-M247, 
and are commonly manufactured at the turbine industry 
using die-sinking EDM-technology. EDM-machining is 
typically chosen for applications including complex 
geometries like high aspect ratio cavities in hard-to-
machine materials [3] like high-temperature resistant 
alloys, since the EDM-process is independent from the 
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mechanical properties of the processed material [4]. This 
paper addresses the process optimization concerning the 
machining time for a pre-determined manufacturing step 
as well as the relative tool electrode wear. The high 
quality requirements on work pieces, e.g. average 
surface roughness Ra, thickness of damaged sub-surface 
and length of cracks perpendicular to the machined 
surface, must be fulfilled during this optimization study. 
2. Experimental Investigations and Results 
The investigations were carried out at Fraunhofer IPK 
in cooperation with a German machine tool 
manufacturer Zimmer&Kreim GmbH Co. KG (Z&K) 
from Brensbach, Germany. The investigations were also 
accompanied by a producer of turbine components, 
which provided the necessary quality requirements on 
work pieces, the tool electrodes, electrodes’ holder as 
well as the work piece materials. The aim of this study 
was the optimization of the die-sinking EDM-
Technology using graphite electrodes for producing high 
aspect ratio cavities in high temperature resistant 
material MAR-M247. This material is difficult to 
machine due to the high proportion of coarse carbides 
and γ’-phase and possess an yield strength of 815 MPa 
and tensile strength of 965 MPa. 
2.1. Experimental Set-up 
The machine tool GENIUS 1000 THE CUBE was 
used in the experiments.  IonoPlus IME-MH from 
Oelheld was used as dielectric fluid and graphite was 
chosen as tool electrode material. The graphite 
electrodes presented a specific electrical resistance of 
13.6 μΩm ± 2.2 μΩm and a grain size of 2.9 μm ± 0.3 
μm. The specific electrical resistance of graphite 
electrodes is an important influencing factor while 
machining high aspect ratio cavities applying thin 
electrodes. The grain size of the electrodes is also an 
important factor regarding the tool electrode wear [5] 
and this normally ranges between 1 μm and 10 μm in 
EDM. The study was conducted using tool electrodes of 
three different cross-sectional areas with four electrodes 
each, totalizing 12 electrodes and a total electrode cross-
sectional area of 89.50 mm2. The depth of the produced 
cavities was 11 mm, totalizing an aspect ratio of 13.1. 
The Design of Experiments Method (DoE) has been 
applied in the planning and execution of all experiments, 
considering therefore the aspects of statistical design. In 
order to measure the surface roughness of the produced 
parts, the tactile measuring device HOMMEL-ETAMIC 
nanoscan 855 from Jenoptik AG was employed. The 
scanning electron microscope (SEM) LEO 1455 VP 
from Zeiss was used to analyze crack formation and 
thickness of the affected sub-surface. In Fig. 1 the 
employed machine tool and its main characteristics, 
pictures presenting the running EDM-process as well as 
examples of turbine components that possess seal slots 
produced by the EDM-machining are presented. 
a)
 Machine tool: Z&K Genius 1000 THE CUBE
 Generator: Genius with integrated modules for 
machining cemented carbide and diamond (C-Module) 
as well as for achieving best surface quality (O-Module)
 Control: 6-axis simultaneous control
 Max. discharge current: 75 A
 Max. material removal rate:
 Copper/steel: 400 mm3/min
 Graphite/steel: 550 mm3/min
 Integrated rotating and swiveling table for 
manufacturing free-form surfaces
b)
c)
Source: MTU Aero Engines GmbH
 
Fig. 1. Experimental set-up: a) machine tool characteristics, b) 
employed machine tool and EDM-process, c) example of produced 
parts 
2.2. Influence of discharge current on process results 
Experiments were conducted to determine the 
influence of the discharge current on the achieved 
surface roughness and on the thickness of the affected 
sub-surface.  As discharge current ie is known as an 
important influencing process parameter affecting both 
the arithmetical surface roughness Ra as well as the 
thickness of sub-surface damage [6], the maximal 
discharge current for achieving a surface roughness 
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Ra < 6.3 μm and a sub-surface thickness < 50 μm was 
estimated. Both requirements were given by the 
producer of components for jet-engines. For this 
purpose, two distinct values for the discharge current ie 
were applied: ie = 22 A and ie = 37 A. These values are 
based on previous experiments carried out at Fraunhofer 
IPK while machining nickel-based alloys. The electrical 
and control parameters at the machine tool were kept 
constant during the experiments described here. 
Following parameters were applied: open circuit voltage 
ûi = 270 V, pulse duration ti = 42 μs and pulse interval 
time t0 = 32 μs, totalizing a duty factor τ = 56.7 %. The 
results are presented at Fig. 2. 
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Fig. 2. Average surface roughness Ra and affected sub-surface 
thickness of the work pieces for distinct discharge currents 
The analysis of the results presented in Fig. 2 shows 
that a discharge current ie = 37 A, as expected and 
described in literature, leads to an increase both on the 
average surface roughness Ra as well as on the thickness 
of the affected sub-surface, when compared to a 
discharge current ie = 22 A. For ie = 37 A an average 
surface roughness Ra > 6.3 μm and a sub-surface 
thickness > 51 μm were produced at the cavities. These 
values do not meet the requirements on the produced 
components and therefore a discharge current of 
ie = 37 A cannot be used for producing the parts. On the 
other hand, a discharge current ie = 22 A led to an 
allowed surface quality regarding average surface 
roughness Ra, thickness of the affected sub-surface as 
well as the length of the cracks perpendicular to 
machined surface. Therefore the discharge currents 
ie = 22 A and ie = 29 A have been applied during the 
optimization of the electrical parameters at the machine 
tool. 
2.3. Optimization of electrical parameters 
The process optimization considering the electrical 
parameters of the machine tool was carried out. The 
influence of the following electrical parameters on the 
process results was evaluated: discharge current ie, pulse 
duration ti, pulse interval time t0 and open circuit voltage 
ûi. The optimization of the electrical parameters 
applying DoE-methods was carried out twice and the 
results presented here concern the results achieved after 
the second optimization loop. 
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Fig. 3. Machining time and relative electrode wear vs. electrical 
parameters ti, ûi and ie 
The duty factor τ was kept constant during these 
experiments and presented a value of τ = 70 %. The 
results in Fig. 3 show that a shorter machining time is 
achieved by using shorter pulse duration ti, by applying 
higher discharge current ie and also by using lower open 
circuit voltage ûi. It is known from the literature [7, 8] 
that for each discharge current ie set at the machine tool, 
there is an optimum value for the pulse duration ti to 
achieve a higher material removal. This optimal pulse 
duration ti rises with the increase of the discharge current 
ie. Therefore, to achieve an optimized process regarding 
the machining time or material removal, it is very 
important to consider a modification of the parameters 
pulse duration ti and discharge current ie simultaneously. 
This knowledge was very important for choosing the 
parameters to be applied at Section 2.5. 
On the other hand, for achieving a lower relative wear 
on the tool electrodes, a longer pulse duration ti, a lower 
discharge current ie and a higher open circuit voltage ûi 
should be applied. This means a process optimization 
aiming both the reduction of electrode wear as well as 
reduction of the machining time is hard to be achieved. 
With consideration of this background, further 
optimization has been conducted with respect to the 
reduction of machining time, which is known as an 
important challenge in practice. 
2.4. Optimization of machine tool’s control parameters 
For further optimization of the EDM-machining 
process, the control parameters of the machine tool were 
varied and studied. The control parameters are: 
• Wub_Lp: Servo gain in the positive direction of 
machining, 
• Wub_Ln: Servo gain in the negative direction of 
machining and 
• UOLL – UburningL: feed voltage. 
The magnitude of the parameters Wub-Lp and 
Wub_Ln can be programmed from 0 to 1000 at the 
applied machine; the higher the programmed value the 
higher is the servo gain of the Z-axis in both directions. 
The parameters UoLL and UburningL are given in Volts 
and are limited to 200 V. UoLL also has to be always 
higher than UburningL and the difference between them 
gives the feed voltage.  
In the experiments carried out and presented so far, 
following settings for the machine control were applied: 
Wub_Lp = 200, Wub_Ln = 300, UOLL = 120 V and 
UburningL = 40 V. During this analysis of control 
parameters, the electrical parameters were kept constant 
and these are presented in the Fig. 6. 
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Fig. 4. Influence of the machine tool control parameters on the process 
results 
The analysis of Fig. 4 shows that the control 
parameter C1 delivered the shortest total machining 
time. In this setting, the servo gain of the machine Z-axis 
was kept constant in both directions, while the feed 
voltage was increased from 80 V to 100 V. The setting 
of a servo gain in both directions of 500, together with 
an increase of the feed voltage to 100 V, also lead to the 
reduction of the total machining time. However, this 
improvement was higher applying the control parameter 
C1. The relative tool electrode wear presented high 
standard deviations, especially for control parameter C1 
and C2, and therefore was not considered in the analysis. 
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2.5. Final adjustment of electrical and control 
parameters 
Finally, both process and control parameters were 
adjusted to achieve optimized results regarding the total 
machining time with respect to the surface requirements 
of the produced parts. The discharge current ie was set at 
ie = 26 A and ie = 29 A, aiming the reduction of the total 
machining time, as presented at Fig. 3. A discharge 
current ie = 26 A was chosen to guarantee the fulfillment 
of the quality requirements. The pulse duration ti was 
also further reduced to ti = 32 μs, with the aim of making 
the process faster (Fig. 3). The duty ratio was kept 
constant at τ = 70 %. The analysis of the results 
presented in Fig. 5 show that the developed technology 
using process parameters P1 presents the shortest total 
machining time for this task. With this technology a total 
machining time of 21.9 min was achieved and this is 
considerably lower than the 48 min currently achieved at 
the industrial partner. The technology employing the 
process parameters P2 leads to a decrease of the 
electrode wear, however the presented work aimed on 
the time reduction for this machining task. Therefore, 
process parameters P2 could be seen as an alternative if 
the tool electrode wear has to be further reduced; 
however, it will be demonstrated that this parameter 
setting does not fulfill the criteria for surface roughness 
at the work pieces Ra < 6.3 μm. 
The diagram also shows that a higher discharge 
current ie and a shorter pulse duration ti lead to a faster 
machining process with these final parameter settings, 
confirming the results presented at Fig. 3. Considering 
the existence of optimum pulse duration ti for each 
discharge current ie [7, 8], further experiments to 
determine these optimum values of ti for the two chosen 
discharge currents ie have to be carried out. 
The achieved average surface roughness Ra on the 
work pieces applying process parameters P1 and P3 
fulfill the quality criteria Ra < 6.3 μm, while process 
parameters P2 do not fulfill it. One can see that the 
longer pulse duration applied at parameter set P2, when 
compared to parameter set P3, lead to an increase of the 
average surface roughness Ra, due to its influence in the 
formation of single craters on work piece surface. 
Longer discharge duration leads to an increase on the 
crater diameter at the work piece surface and therefore to 
an increase of the average surface roughness Ra. The 
parameters P1 and P3, which differ on the applied 
discharge current, showed that discharge currents 
ie = 29 A and ie = 26 A did not influence the average 
surface roughness Ra, due to the slight difference 
between them. 
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Fig. 5. Machining time, relative electrode wear and average surface 
roughness Ra for the three optimized parameter sets 
A final analysis regarding the compliance with the 
requirements on the produced parts is presented in 
Fig. 6, considering the average surface roughness Ra as 
well as the sub-surface damage and the length of the 
cracks perpendicular to the machined surface. 
Concerning both the thickness of the sub-surface as well 
as the length of the cracks on the work piece surface, all 
three technologies are conform, given that no sub-
surface thickness and no cracks are longer than 51 μm. 
The technology using process parameters P1 allowed for 
achieving the best results concerning machining time 
with respect to the requirements on work piece surface. 
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Fig. 6. Average surface roughness Ra and sub-surface analysis for the 
three sets of optimized parameters 
3. Summary and Outlook 
This worked aimed the reduction of the total 
machining time while producing seal slots by EDM-
machining using graphite electrodes, with respect to the 
tight requirements on the produced parts. Prior to the 
development of this work, the turbine manufacturer was 
able to produce the slots in 48 min total machining time. 
The developed technology (P1) enables the production 
of the same parts in 21.9 min, representing a reduction of 
more than 50 % of the machining time. The analysis also 
shows that pulse duration and discharge current are the 
main influencing factors regarding machining time and 
surface quality of work pieces produced. The higher feed 
voltage also increased the working gap between the tool 
electrode and the work pieces. Since the working gap 
between electrodes is an influencing factor while 
machining high depth cavities, this bigger gap facilitated 
the flushing of debris from the machining area and 
therefore lead to a faster machining process. This 
assumption still has to be confirmed by further 
experiments. 
An average surface roughness Ra < 6.3 μm could be 
achieved for parameter set P1 and the SEM analysis 
showed that no cavity presented a sub-surface thickness 
larger than 51 μm. Furthermore, no crack longer than 
51 μm could be found at the SEM-micrographs. A robust 
technology was developed for producing the cavities in 
MAR-M247, which enabled the reduction in the total 
process time without compromising the aspects of 
surface quality of the turbine components. 
Future work in this topic should consider a further 
investigation on the optimal pulse duration ti for each 
discharge current ie applied. This analysis can lead to 
technologies that present higher removal rates or shorter 
machining times, by simultaneously improvement of 
surface quality and affected sub-surface damage. This 
can be achieved, for example, by keeping the employed 
discharge currents ie constant and reducing progressively 
the discharge durations ti. A detailed investigation of the 
control parameters on the results should be carried out. 
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